Abstract: The optimization of the key growth parameters for broad spectral bandwidth devices based on quantum dots is reported. A combination of atomic force microscopy, photoluminescence of test samples, and optoelectronic characterization of superluminescent diodes (SLDs) is used to optimize the growth conditions to obtain high-quality devices with large spectral bandwidth, radiative efficiency (due to a reduced defective-dot density), and thus output power. The defective-dot density is highlighted as being responsible for the degradation of device performance. An SLD device with 160 nm of bandwidth centered at 1230 nm is demonstrated.
Introduction
Optical coherence tomography (OCT) is a well-established technique for cross-sectional imaging of biological specimens. A broadband light source is the crucial component of the OCT system [1] , and the development of compact and broadband optical sources in the region of 950-1350 nm has great potential in ophthalmic imaging [2] (800-1100 nm; zero-dispersion in eye) and tissue imaging (1100-1350 nm; minimum absorption and scattering in skin) [3] , [4] . For low cost and robust clinical applications, superluminescent diodes (SLDs) are an ideal light source. SLDs may outperform more complex sources such as supercontinuum sources [1] , swept laser sources [5] , and thermal sources [6] in terms of cost, output power, and/or relative intensity noise. Traditionally, quantum wells act as the light generation and amplifying medium and have been employed to realize a broad optical spectrum of the SLD. Different techniques, such as multiplexed broadband SLDs [7] , intermixed quantum wells [8] , [9] , SLDs integrated with tapered optical amplifiers [10] , and chirped multiple quantum wells [11] , [12] , have been developed. However, in general, there is a tradeoff between optical power and spectral width due to a reduction in peak gain. Also, commercial quantum-well-based SLDs are limited to $100 nm of bandwidth in the 1000 to 1550 nm range, while larger bandwidths would be of benefit since they will increase the spatial resolution along the optical axis.
Recently, SLDs with self-assembled quantum dots (QDs) have attracted huge interest as an active element [13] . In contrast to QD lasers, dot-to-dot size inhomogeneity and gain saturation are a distinct advantage to a QD SLD. In view of this, QD SLDs are typically operated at the current density where the ground-state and excited-state power balances, with minimum spectral dip (G 3 dB). A spectral dip is undesirable due to the possibility of ghost images in OCT [14] , and in an ideal case, it should be eliminated. The majority of the development of QD epitaxy [high growth temperature 9 500 C and low growth rates of 0.01-0.05 monolayers (ML)/s are used to obtain a narrow ground-state linewidth] has focused on QD lasers, particularly the push to high-quality 1300 nm QD lasers for application in optical communications [15] - [17] . However, for OCT of skin tissue, the wavelength specifications are more relaxed ($1100-1300 nm) than those for optical communications, with a wide spectral region being of interest. For broadband applications, a high QD density, high inhomogeneity, and high integrated modal gain is advantageous. As a result, the majority of existing epitaxial processes for active QD devices are not optimized for broadband applications.
In a preliminary study on optimization of QD growth parameters, we found that QD deposition temperature is a key parameter for high-power broadband QD SLDs [18] . In this paper, we present a detailed study of the growth conditions for QDs and their optimization for broad spectral bandwidth devices. For this purpose, photoluminescence (PL) and atomic force microscopy (AFM) measurements on 1100 to 1300 nm QD-in-well (DWELL) test samples have been correlated with SLD characteristics. The reduction of QD growth temperature results in an increase in QD density and inhomogeneity, but a concomitant increase in defective-island density. Broadening of the spectral bandwidth is observed but is accompanied by a strong reduction in device quality (reduced PL of test sample and electroluminescence (EL) efficiency, reduced reverse breakdown voltage, and reduced output power of the SLD). A reduction in defective-island density is obtained by reducing the amount of InAs, thus improving PL efficiency in test samples and allowing the recovery of good device characteristics while maintaining a broad spectral bandwidth.
Experimental Methods
The samples studied in this paper were grown by molecular beam epitaxy on 2-in n-type GaAs (100) substrates. The active region consists of six DWELL layers corresponding to the following growth sequence: 1-nm-thick In 0:15 Ga 0:85 As, 2.6 ML of InAs to form QDs, 6-nm-thick In 0:15 Ga 0:85 As cap layer, and further 5 nm of GaAs. For all the samples, the DWELL structures are separated by 40-nm-thick GaAs grown at 580 C. Unless indicated otherwise, the QDs are formed by depositing 2.6 ML of InAs at a growth rate of 0.1 MLs À1 . The details of epitaxial growth including the choice of DWELL, composition, and growth parameters can be found in previous reports on QD laser epitaxy development [15] , [18] , [19] , [20] . Two kinds of samples with different DWELL growth temperatures have been grown, i.e., test samples for AFM and PL measurements, and SLD samples for optoelectronic characterization. For the test samples, the active layers are embedded in a 100-nmthick undoped GaAs/AlGaAs heterostructure with an uncapped layer of QDs (on 1-nm-thick In 0:15 Ga 0:85 As) on the sample surface. Special care has been taken by ramping down the growth temperature as quickly as possible at the end of the growth in order to avoid/reduce the ripening processes. For SLDs, doped cladding and contact layers have been added [15] . Broad-area SLDs were fabricated using conventional processing, and 6-mm-long and 50-m-wide ridge devices were used for optoelectronic characterization. All the devices were mounted on ceramic tiles and probed directly. The measurements were carried out at a tile temperature of 300 K, while pulsed operation (5 s pulsed duration, 1% duty cycle) is used to minimize self-heating effects. Fig. 1 shows the room-temperature PL spectra of the test samples and typical 1 Â 1 m 2 AFM images of the surface dots grown at three different temperatures. The PL intensity decreases by a factor $10 as the QD growth temperature is decreased from 500 C to 470 C. This decrease in PL intensity indicates an increase in the density of nonradiative centers with decreasing growth temperature. Their origins could be defective dots and/or larger Ga vacancy and As antisite densities induced by the lower growth temperature of the cap layer. For these samples, the emission wavelength is roughly the same, shifting from 1290 nm to 1270 nm as the temperature decreases. The blueshift of the emission wavelength may be attributed to the decrease in size of the QDs highlighted by the AFM measurements [21] .
As the QD growth temperature decreases from 500 C to 470 C, the AFM images show an increase not only in the QD areal density but also in defective-island density. The defective islands (i.e., largest dot/island on the AFM images) result from the coalescence of several dots, which is generally accompanied by the generation of dislocations [21] - [23] . We observe an increase of a factor of $2 in QD density (8:7 Â 10 10 cm À2 for 470 C against 3:8 Â 10 10 cm À2 at 500 C) and an increase of a factor of $12 (0:55 Â 10 8 at 500 C to 6:5 Â 10 8 cm À2 at 470 C) in defective-island density as the growth temperature decreased from 500 C to 470 C. We note that this trend continues to lower temperatures [24] . With an increase in QD areal density, an increase in roomtemperature PL intensity is expected (same pumping intensity and PL structure used for all the samples), but the larger defect density (defective islands) may overwhelm this beneficial effect. Although the increase of the dot density is highly desirable, the effect of the increase in defectiveisland density on device performances should be investigated. Fig. 2 shows the optical powercurrent density response measured from one facet of the SLD devices with the three different DWELL growth temperatures discussed previously. When the DWELLs are grown at 470 C and 485 C, the SLDs show limited superluminescence behavior, thus suggesting limited gain. On the other hand, for DWELL growth temperature of 500 C, superluminescent behavior is clearly evidenced by the superlinear increase in optical power. At current density of 330 Acm À2 , a tenfold higher optical power is obtained when the DWELL is grown at 500 C. This result would have been surprising if one only considers the QD areal density. Indeed, for the 500 C grown DWELL, the areal density is less than half the one of the sample grown at 470 C. However, the defective-island density increased by a factor of $12 as the growth temperature is reduced by 30
C. An exploded view in Fig. 2 at low current density (not presented here) shows that the spontaneous emission efficiency (SE) decreases with decreasing QD growth temperature. This strong reduction of the SE could be correlated to the expected increase of the defect density (Ga vacancy, As antisite) of the GaAs cap layer and the large increase in defective-island density. These defective islands may act as nonradiative recombination centers that efficiently trap the carriers and thus reduce the carrier lifetime and SE efficiency, thus impacting on the ability to achieve gain (superluminescence) in the structure. The inset in Fig. 2 plots the integrated PL intensity and EL efficiency, as a function of QD growth temperature. The EL efficiency (is simply the slope efficiency of the optical power-current density response) and integrated PL efficiency are calculated from Figs. 1 and 2 , respectively. This figure shows that the EL efficiency of the SLD devices has good correlation with the integrated PL efficiency of the test structures. These results emphasize the strength of the combination of PL, AFM, and electrical characteristics in selecting a particular QD growth temperature. Fig. 3 plots the EL spectra as a function of increasing current density for QD SLDs, grown at (a) 500 C, (b) 485 C, and (c) 470 C. QD SLDs for broadband applications are typically operated at the current density where the ground-state and excited-state power balances in order to provide the maximum spectral bandwidth. For QD SLD grown at 470 C, a broad flat top emission spectra resulting from the balance of ground-state and excited-state contributions is observed. For the QD SLD grown at 500 C and 485 C, the QD ground state and excited state are quite well resolved resulting in the appearance of a dip. Note that, for 500 C grown SLD, the power balanced condition is not obtained even for the highest current density. For the temperature range studied (500 C-470 C), a reduction in spectral dip with decreasing growth temperatures is observed. The AFM images show that the dot dimensions decrease as the growth temperature is reduced. It is quite evident that, for smaller dots, the influence of dot-to-dot size variation will be larger and so will induce a broader emission of the dot ensemble. In consequence, since the linewidth of the ground and excited states are broader, their overlap will be greater and allows the avoidance of the appearance of a spectral dip. In brief summary, the use of a low growth temperature could be of benefit for SLD applications since high QD areal density and broad emission without a spectral dip have been demonstrated. However, the radiative efficiency becomes poor due to the increase of defective island. Further optimization is thus required to improve device quality, e.g., through reducing the coalesced island density.
To reduce the coalescence phenomena, the origin of the large defective-island density, PL/AFM test samples with lower InAs amounts (varying from 2.6 to 2.0 ML) were grown. Fig. 4 shows roomtemperature PL spectra of test samples with InAs amount of 2.2 (our choice of 2.2 ML is based on broad spectral bandwidth as compared with other deposition amount) and 2.6 ML at a growth temperature of 470 C. We noted a redshift ($35 nm) as the InAs deposition increased from 2.2 to 2.6 ML, suggesting bigger and more indium rich dots. The inset shows an AFM scan of the 2.2 ML InAs sample. The defective-island density is decreased by a factor of 7 ($7 Â 10 8 to $1 Â 10 8 cm À2 ) as the deposition amount is reduced. On the other hand, the QD areal density remains roughly the same: $8:5 Â 10 10 cm 2 . The observed increase in the integrated PL intensity confirms that the coalesced island density plays a significant role in the radiative efficiency of these structures.
In both cases, the thickness and growth temperature of the low temperature InGaAs-GaAs capping layers are constant, so only the coalesced island density is changed. Based on the broad bandwidth, reduced coalesced island density, and significant PL improvement of this optimized sample, these growth conditions were used to realize a full SLD structure.
The power-current characteristics of DWELL SLDs grown at 470 C with QD InAs deposition amount of 2.6 ML and 2.2 ML (called Boptimized device[ in the following) are shown in Fig. 5(a) . Superluminescent behavior is evidenced for the optimized device. In the current density range of 250-330 Acm À2 , the slope efficiency of the optimized device was a factor of $40 higher. These results highlight the negative impact of the coalesced islands on SLD performance and confirm that, for practical devices, a comprehensive study of QD density versus growth temperature is only of significant use when the defective-island density is also considered. The inset in Fig. 5(a) shows the integrated PL intensity, as a function of InAs amount. For the 2.2 ML sample, the integrated PL intensity is a factor $2.5 higher as compared with the 2.6 ML sample. While integrated PL intensity, SE and EL efficiency are related, an increase of 2.5 times in integrated PL intensity represents a sufficient increase in carrier lifetime to enable the material to be driven into gain (superluminescence for the 2.2 ML device). This highlights the need to link device performance and growth and structural parameters. Fig. 5(b) plots the EL spectra as a function of increasing current density for the optimized device. The 3 dB bandwidth, where the ground and excited states balance (indicated by horizontal arrows) is $160 nm. As a comparison [see Fig. 3(c) ], the 3 dB bandwidth for sample with 2.6 ML of InAs was $130 nm. The decrease in InAs amount from 2.6 to 2.2 ML results in the 3 dB bandwidth increasing by $30 nm. We note that, for a range of current densities from 100-170 Acm À2 ($0.2-0.3 mW), the spectral modulation range from 1-3 dB (which is within the range of the requirement for OCT to avoid ghost images) and the spectral bandwidth is between 160 to 150 nm. This corresponds to a coherence length and theoretical axial resolution in an OCT system of 4 m. It is to be noted that higher power can be achieved by a greater number of DWELLs in the multistack and/or longer or tapered devices [25] .
The inset of Fig. 5(b) shows the room-temperature reverse leakage current plotted as a function of reverse bias for devices with 2.6 ML and 2.2 ML of InAs. Compared with the device with 2.6 ML of InAs, the breakdown voltage is a factor of $3 times higher, and the leakage current is $10 times smaller for the optimized device. The increase in breakdown voltage is indicative of lower defect density, resulting in nonradiative centers that act as current leakage paths [26] . This behavior is consistent with the EL efficiency results (super linear increase in power) reported in Fig. 5(a) .
Conclusion
In this paper, we have addressed the key parameters for realizing broadband QDs, for high power and large spectral bandwidth of DWELL SLDs. The effect of decreasing temperature is to increase both the QD and coalesced island density, with a concomitant reduction in PL and EL efficiency. The need to develop strategies to reduce defective QD density at low growth temperatures has been highlighted. A careful balance of QD growth parameters based on the combination of PL and AFM studies allows us to maximize the spontaneous emission and QD density by reducing the amount of InAs forming the QDs. A maximum 3 dB bandwidth of 160 nm is obtained from an SLD utilizing optimized QD growth conditions. Furthermore, for QD laser applications, the use of a reduced deposition temperature could be a solution to increase the saturated gain but will need optimization to reduce the natural broadening of the QD ensemble emission.
